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The Arctic lower stratosphere was unusually cold and the polar vortex unusu-
ally strong throughout the 1994-95 Arctic winter. Upper Atmosphere Research
Satellite (UARS) Microwave Limb Sounder (MLS) observations showed en-
hanced chlorine monoxide (C10) when viewing high northern latitudes in late
December 1994 and again in February and early March 1995. Between late
December 1994 and early February 1995, average lower stratospheric ozone in
the polar vortex decreased by ~15%, with local decreases of ~30%; additional
local decreases of ~5% were seen between early February and early March.
Transport calculations indicate that the ozone decrease is due to chemical pro-
cesses, as expected from the enhanced C1O. A significant, decrease in nitric acid
(HNOg3) over the same period indicates some denitrification. The differences
between the 1994-95 Arctic winter and the three previous winters observed by
MLS demonstrate significant interannual variability in the amount of Arctic
ozone depletion; considering projected downward trendsinlower stratospheric
temperatures, the potential exists for more Arctic ozone depletion in future

winters.
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The severe ozone depletion over Antarctica(l) in late winter and early spring (the Antarctic
“ozone hole” ) is caused primnarily by chlorine chemistry coupled to heterogencous reactions
on the surfaces of polar stratospheric clouds (PSCs) (2). Measut ements by UARS MLS
during three previous Arctic winters have shown abundances of reactive chlorine in the
Arctic polar vortex comparable to those in the Antarctic (3,4,5) and evidence for ozone
depletion by chlorine chemistry in the Arctic lower stratosphere (4). Aircraft and ground-
based measurements (6) have also shown evidence of Arctic ozone loss in recent years. The
amount of ozone loss varied due mainly to interannual variability in the duration, location
and extent of temperatures low enough to form PSCS in the Arctic vortex.The Arctic lower
stratosphere was unusually and persistently cold in December 1994 and January 1995, and
the lower stratospheric vortex was exceptionally strong throughout the 1 994-95 winter (7);
low temperatures also persisted unusualy late, until mid-March 1995. MLS measurements
of ozone, chlorine monoxide and nitric acid in late December 1994 and in February and
early March 1'395 indicated significant chemical ozone depletion and some denitrification

by early February.

MLS mcasurements of microwave emission (8, 9) have provided data on lower strato-
spheric C10 (3), ozone (3, 4, 5, 10), and HNO3 (1 1 ) for three previous Arctic winters. In
the past year, the MLS antenna scanning mechanism (now well past its nominal mission
lifetime of 18 months) has devcloped problems, resulting in degraded temporal and verti-
cal coverage of measurements. }rom 22 through 301 Jec 1994 and from 1 Feb through 10
Mar 1995, daily ML.S measurements arc available for one broad pressure layer in the lower
stratosphere (12). One full day of three dimensional data from MLS was obtained on 21
Dec 1994. Nine days of three dimensional measurements covering high northern latitudes

were obtained in February and early March 1995 (13).

Mixing ratios of HNQOj3, C10 and ozone on 21 Dec 1994 and three days when MLS was
scanning during the February and March 1995 north-viewing period arc shown in Fig. 1, on

the 465 K isentropic [constant potential temperature ( 14)] surface [near 40 hPa (~18 km)
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in polar regions). Column ozone above 100 hPa is shown for the same clays. Two contours of
465 K PV (15) arc overlaid on the mixing ratio maps, in the region of strong PV gradients
which presents a barrier to mixing and thus can be considered an approximate definition
of the vortex edge (16, 17). Temperature contours (1 8) of 190 and 195 K arc overlaid on
the IINO3; maps. Temperatures fell below the type | [nitric acid trihydrate (NAT)] PSC
formation threshold (19) (~1 95 K) in early December 1994 (J'ig.2a) and were near or
below the type 11 (water) PSC formation threshold (19)(~1 88 K) from ~1 5 Dec 1994
through ~15Jan 1995. Temperaturesin late December 1994 were ¢onsiderably lower than
at the same time in any of the three previous Arctic winters. Although temperatures in
early January 1992 and 1993 occasionally dropped to values aslow asin January 1995, they
did not remain at those low values for more than a fcw days. The time evolution of MLS
C10 and ozonec averaged within the vortex is swinmarized in Fig. 2b [including estimates
of vortex-averaged ClO from non-scanning measurements (20)] and 2¢,in comparison with

measurcments from the previous three Arctic winters.

Ozone and HNOj; abundances were large in the vor tex on 21 Decc 1994 (Fig. la and
lIc). This is consistent with downward transport that was strongest well within the vortex
in recent Arctic early winters (16).1%g.2c shows that 21 Dec 1994 vortex-averaged ozone
was near to or dlightly lower than values at that time in the previous three years. Maximum
HNOj3 values were slightly lower than those shown by Santecet a. (11) for early December
1992. Lower values of ozone and HNQOj; than in previous ycars suggest weaker diabatic

descent, which would be consistent with the c.older early winter (1 6).

A cavity was apparent in HNQO3; on 21 Dec 1994, coincident with the region of lowest
temperatures. At temperatures ncar the type 1 PSC formation threshold,~1 O ppbv of
gaseous 1INOj can coexist with NA'T; however, astemperatures drop this is no longer the
case, and most of the HNOj; is scquestered in PSCs at temperatures below ~192 K (21).
Since MLS measures only gaseous 11NQOg, the depression in HNO3 on 21 Dec ]994 indicates

scquestration in PSCs. Non-scanning MLSHNQOj3; measurements for 22 through 30 Jec 1994
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showed a cavity indicating that HNOj3; was mainly condensed in PSCs.The cavity deepened
until about 26 Dec 1994, and then became less pronounced when temperatures increased
(Fig. 2a). This temporary depression is thus evidence for the presence of PSCs, rather than
for irreversible removal of H NO,(denitrification).ClO on 21 1 )ec 1994 was’ enhanced in
the sunlit portion of the vortex downstream of the region of PSCs (as inferred from 1INOg)
and cold temperatures. The non-scanning mecasurements also showed increasing amounts

of C10 after 21 Dcc 1994 (Fig. 2b), as more of the observed area rcceived sunlight.

Minimum 465 K temperatures were near the lypelIPSC threshold in carly January, and
remained low until late January when a series of strong warming events began. Throughout
January, when MLS did not observe the Arctic(12), the vortex remained shifted wcll off
the pole, and the unusualy large region of low temperatures was mainly in sunlight. ‘IThus
it is expected that vortex Cl1O was considerably enhanced during January. MLS resumed
Arctic measurements on 31 Jan 1995, when, as seen in the 3 Feb 1995 map (¥ig. If), C10
was enhanced throughout the vortex. Temperaturesrose near the type | PSC formation
threshold in late January, and the deep cavity in HHNOj3 was no longer apparent in early
February (Figle). A small depression in IINO3 was coincident withthe 195 K temperature
contour on 3 Feb 1995, and non-scanning measurements showed slightl y deeper depressions
on 5 to 7 Ieb 1995, when it was somewhat colder; this may indicate that some HNO3; was

condensed in PSCs.

As noted above, minimum temperatures were below the type 11 PSC formation thresh-
old during most of late Dccember 1994, and through mid-January 1995. The presence of
type 11 PSCs is an important factor in denitrification (the irreversible removal of HNO;
by sedimentation of condensed particles) since the larger type Il PSC part icles, which also
incorporate 11 NOj, are sedimented out at a faster rate than thesmaller type | particles
(22). Compared to late December, IINOj in the vortex was lower on all days with MLS
measurements in February, including days whenhigh minimum temperatures precluded

PSC formation. Maximum values in early February were near 9.5 ppbv, as opposed to near
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11.5 ppbv in late December. Since diabatic descent would be expected to increase 1HNO;
over this periodin the absence of other effects (16, 17), this suggests that some denitrifi-
cation occurred, This decrease of ~2ppbv was of similar magnitudc to that seen in the
Arctic between 22 Feb and 14 Mar 1993 (11), although actual values in March 1993 were
higher, probably duc to more transport from above inthe early partof that winter. This
is in contrast to a decrease of ~6 ppbv observed in the Antarctic over the same seasonal
period (11 ). HNOj; observed by MLS on 3 Feb 1995 was ncar 8.5 ppbv throughout most of
the vortex; this can be contrasted with less than 6 ppbv observed throughout most of the

vortex in the Antarctic spring (11).

A largedecrease in 465 K vortex ozone was aso seen between late December 1994 and
early February 1995, and early February Arctic ozone (Fig. 2c¢) was considerably lower
than in any of the previous three northern winters. The average rate of decrease between
late 1 Jecember and early February was similar to that inFebruary and March 1993, with
a net decrease in vortex-averaged ozone of -15C70 in each period. Ozone abundances arc
larger inside the vortex than at lower latitudes at this level; diabatic descent is expected to
bring in more ozone, but il is possible that dynamics could decrease ozone if low latitude
air were entrained into the vortex. In February and March 1993, this possibility was ruled
out by examination of passive tracer measurements from UARS(4). In the absence of
passive tracer mecasurements with hemispheric coverage for the 1994-95 winter, trajectory
calculations (16, 23) arc used to examine transport processes. lHigh resolution, domain-
filling (24) trajectory calculations arc used to investigate the possibility of intrusions of low-
latitude air into the vortex, and a rcverse trajectory procedure (23, 25) including diabatic
motions is used to estimate changes in vortex-averaged ozone caused solely by (three-
dimensional) transport. The trajectory calculations suggest noevidence for intrusion of
low latitude airinto the vortex before late January. The calculations do indicate intrusions
in early Fcbruary, but the computed vortex-averaged ozone decrecase is no more than~0. 15

ppmv (Fig. 2c, open diamonds). An observed decrease between1 and 8 leb 1995 may
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be partly due to such an intrusion. Three-dimensional t ransport processes are expected to
cause ozone to increase slowly during late December (1'ig.2c,open triangles), with more
rapid increases in late January and early February, whendia batic descent was enhanced
during stratospheric warmings (] 6). These calculations show that, with only transport
processes, 465 K vortex-averaged ozone in early February 1995 would have been near 3.0
to 3.3 ppmv, as opposed to the observed value of ~2.6 ppmv. This indicates that the
decrease between 21 1 dec 1994 and 1 Feb 1995 was caused mainly by chemical processing,
and suggests that some chemical destruction was masked by air with more ozone descending

10465 1{.

Lower stratospheric temperatures rose above the type 1PSC threshold on about 8 Feb
1995 (¥ig. 2a), but cooled again in late February and early March. C10 decreased rapidly
after 8 Feb 1995, when temperatures increased (Fig.2b). On 14 Ycb 1995 (¥ig.1j), small
regions of ClO greater than 1 ppbv were siill seen in the vortex. The vortex had split at
465 K, and higher, vortex-like values of C10, HNOj3 (Fig. 1 i) and ozone (Fig. 1k) were
seen in the small separated vortex over eastern Asia. Reverse domain-filling trajectory
calculations initialized from observations on 8 Feb 1995 indicate that air from the vortex
with enhanced C10 (as well as high HNO3 and ozone) was drawn out into this region on 14
Feb 1995. C10 decreased further after 14 Feb 1995, but increased again when temperatures
decreased in late February; by 8 Mar 1995 (Fig. in), C10 abundances in the vortex were
similar to those on 14 ¥eb 1995. Trajectory calculations initialized on 28 Feb 1995 suggest
that the air in the small region of enhanced C10 ncar60°N, 100K on 8 Mar 1995 came
from a region of enhanced ClO in the vortex; since the small extra-vortex region probably
represents only one MLS measurement profile, further analyses (26) would be necessary to

determine whether or not it represents a real atmospheric feature.

After the decrease in early February, vortex-averaged lower stratospheric ozone re-

mained nearly constant through the rest of the observing period. 13ecausc there was strong
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wave activity in carly I'ebruary, diabatic descent was enhanced (16), and lLagrangian trans-
port calculations for this period (}Fig. 2c, open diamonds) suggest that vortex ozone would
be expected to increase duc to dynamics. That observed vortex-averaged ozone stayed
relatively constant suggests that additional chemical depletion occurred. During the last
fcw days of north-looking MLS measurements in this period, the highest ozone values were
adlong the edge and outside the vortex (e. g., Fig. l0); in such a situation, the vortex average
becomes very sensitive to small changes in the position of high ozone with respect to the
position of the I’V contour used to define the vortex. Lagrangiantransport calculations
initialized on28leb 1995 (open sguares in Fig.2c) suggest that most of the ozone change

during 6 to 10 Mar 1995 can be explained by dynamical effects.

The evolution of column ozone (calculated above 100 LiPa) over the observing period is
also shown in Fig. 1. As expected from poleward and downward transport (27), maximum
values increased between 21 Dec 1994 (Fig. 1 d) and 3 Feb 1995 (}ig.1h). During the same
period, minimum column ozone decreased by ~1 0% in the region of the lower stratospheric
vortex. The magnitude of this decrease is consistent with that due to chemical depletion,
since the lower stratospheric layer over which depiction was observed contributes~1/3 of
the column above 100 h} 'a However, many dynamical factors also play a complex role
in the evolution of column ozone (27, 28, 29) and more complete chemistry and transport
models would be necessary to isolate the cause of this decrease. 'I'he¢ morphology of the
column ozone, with a region of low values in a confined area coincident with the lower
stratospheric vortex (e.g., Fig. 1 p) is not in itsclf an indication of chemical depletion,
as this morphology is typical of periods when low temperaturesare located well inside
the vortex (28); similar patterns were seen at times throughout the~1 6 year record of
Total Ozone Mapping Spectrometer data, including times when no chemical depletion was
expected (28). Minimum column ozone values in the vortex region during the 1994-95
Arctic. winter were somewhat lower than observed by M 1,S in the previous three winters (3,

10), Typical minimum values for Antarctic column ozone above 100 hP’a observed by MILS
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in September are less than 100 Dobson Units (DU) (3), in contrast to minimum values of
~200 1)U shown here. Column ozone averaged from 60°to 80° N (not shown) increased
between 21 Dec 1994 and 1 Feb 1995, duc to the increase in maximum values. During
February and early March, a slight downward trend was scen in this average, in contrast

to previous years when MLS observed little or no trend in 60° to 80"N column ozone (10).

Figure 3 summarizes the spatial extent of observed ozone decreases and enhanced C10.
Figure 3a shows the ozone change between 21 Dec 1994 and 3 Feb 1995, displayed in PV /0-
spacc (4, 17). The decrease in ozone over this period extended out tothe vortex edge, and
up to about 600 K (~ 25 km), with large decrcasesconfinedto the lowest levels shown,
near 465 K. Iigure 3b shows an average of the C10 on 1, 3 and 8 Ieb 1995 (the days when
M 1,S observed most enhancement) in PV /0-space; the region of enhanced C10 had nearly
the same vertical extent as the region where ozone decreased, and extended almost out
to the vortex edge at the lower levels. In the center of the vortex (at highest PV), ozone
decreased by about 30% bctween late December 1994 and early Fcebruary 1995, over 44
days. ]n February and March 1993, a maximuindecrcasc of ~20% was seen over 35 days
(4); the decrease inFebruary and March 1993 was over a similar vertical range, but the
largest decrcase was away from the center of the vortex and at a higher altitude. Between
3 Feb 1995 and 10 March 1995, ozone at the highest PV at 465 K decreased an additional
~5%, but small increases were seen at higher levels. A net decrcase in ozone between 21
Dec 1994 and 10 Mar 1995 was seen only below ~500K; this decrease was localy as much

as ~35%.

Arctlic lower stratospheric temperatures in the 1994-95 winter were below the typical
type 1PSC formation threshold for ~3 months, longer than in any of the previous 16 years;
the time spent below typica type 1 | PSC formation tempcratures (~35 days) was also longer
than in any of those previous years (7). Consistent with the unusually low temperatures,
enhanced C1O was observed in late December and throughout February and early March,

and some denitrification, similar in magnitude to that seen in IFebruary and March 1993
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(11), was inferred. Thelower stratospheric chemical ozone depletion observed between late
December 1994 and early Iebruary 1995 was as large or larger than the greatest previously
reported decrease, which was in the 1992-1993 Arctic winter (4). Given the large degree
of intcrannual variability in the Arctic winter, the predicted decreasing trend in lower
stratospheric temperatures (30), and the continuing high levels of stratospheric chlorine

" (31), there is a potential for still greater ozone depletion during future Arctic winters.
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FIGURE LEGENDS

Fig. 1. Maps of MLSHNO; (ppbv), C10 (ppbv),and ozone (ppmv) mixing ratios in-
terpolated onto the 465 K potential temperature (14) surface using U KMO temperatures
(15), and column ozone (DU) above 100 hPa in late December 1994 and February and
March 1995. The maps arc polar orthographic projections extending to the equator, with
the Greenwich meridian at the bottom and dashed black circles at 30°N and 60°N. They
were produced by linear interpolation of all measurements taken o11 the “day” side of the
orbit (32) over a 24-hour period. The two black contours oneach mixing ratio plot are
potential vorticity (I'V) (1 5), calculated from UKMO temperature and wind fields. The
outer contour is 0.25 x 10“Km?kg1s!, the inner contour 0.30 x 10°*Km?kg~!s™!. The
magenta contours on the HNQOjzmaps show UKMO temperatures of 195 and 190 K. The

white circle on the C10 maps indicates the cdge of polar night.

Fig. 2. (8) Minimum UKMO temperatures (I 8) in the vortex region (as defined by the
0.25 x 10'Km?kg='s'PV contour) on the 465 K isentropic surface (14); (b) and (c)
vortex-averaged mixing ratios, calculated by dividing the area integral of the mixing ratio
inside the 0.25 x 104 Kin?kg~'s™!'PV contour (the outermost contour in Fig.1) by the
area enclosed by that contour, of (b) C1O (ppbv) and () ozonc(ppmv) at 465 K. MLS
data on the “day” side of the orbit arc used (32). Thethingreen line shows the 1991-
1992 winter, the thin blue line the 1992-1993 winter and the thinred line the 1993-1994
winter; observations in the 1994-1995 winter arc represented by thick black linesand solid
black symbols. The dashed black line in (b) shows the vortex-avcra~ed C1O estimated from
single-layer data (12, 20). The large gap in MLS data during Januaryin each year is when
MLS is observing the southern hemisphere (1 3). open symbols in(c) show Lagrangian
transport calculations initialized on 21 Dec 1994 (triangles), 1 Feb 1995 (diamonds) and

28 Feb 1995 (squares).
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Fig. 3. (@ Change in ozone mixing ratio (ppmv)between 21 Dec1994and 3 Ieb 1995, as
a function of PV and@(4, 17), in the lower to mid-stratosphere. In order to conveniently
view a vertical section, PV isscaledto give a similar range of values throughout the 0
domain shown (4, 16, 17) and is in “vorticity” units of 107* s'(16). (b) Time-averaged
C10 (ppbv) in the same domain, for 1, 3, and 8 Feb 1995, the days on which MLS observed
most enhancement of C10 (Fig. 2b). MLS data from the “day” side of the orbit arc used
(32). ThePV contour used for the vortex averages in Fig. 2 corresponds to a scaled PV
value of 1.2 x 10°s’(16). The zero contourin (a) is outlined in white. The nearly

vertical black lines indicate the approximate location of the vortex edge.
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